Fertilization initiates a transient increase in intracellular Ca21 principally by Ca2' release from intracellular stores. Possible multiple Ca21 stores and multiple receptor regulation of the same store have been reported. Here we report the presence of at least two independent intracellular Ca2+ stores in the sea urchin egg, which are released during fertilization. Ca2' release from one store is mediated by inositol 1,4,5-trisphosphate (IP3) and is sensitive to low molecular weight heparin. The other store is heparin insensitive and independent of IP3 regulation, but the regulatory factor remains unidentified. A transient increase in Ca2+ in heparinloaded eggs is observed during fertilization, which suggests that IP3-independent Ca2' release mediates the production of IP3
loaded eggs is observed during fertilization, which suggests that IP3-independent Ca2' release mediates the production of IP3 and release of the IP3-dependent store. Experiments presented here do not support the idea of sperm receptor coupling to inositol phospholipid hydrolysis through a GTP-binding protein mediating the fertilization response.
Changes in intracellular Ca2+ activity play an important role in the activation of a wide variety of cells. In most cell systems, activation by Ca2+-mobilizing agents is manifested as a transient increase in cytosolic Ca2+ due to release from intracellular stores and influx across the plasma membrane. Substantial evidence has accumulated that implicates inositol 1,4,5-trisphosphate (1P3) as the second messenger for stimulating the increase in Ca2+ (1) . The cellular source of IP3 is hydrolysis of phosphatidylinositol 4,5-bisphosphate, and inositol lipid metabolism appears to be the central component of numerous cellular responses (2, 3) . In many of these cell systems, the enzymatic pathway known to generate IP3 appears to be linked to agonist action by GTP-binding proteins (G proteins) (4) .
A transient increase in cytosolic Ca2+ is necessary for activation of the sea urchin egg during fertilization (5) . Egg membrane permeability to Ca2+ increases within 3 sec after sperm-egg fusion(6); however, eggs can be fertilized in Ca2'-free seawater by sperm after the acrosome reaction (7) .
Several lines of evidence suggested coupling of sperm-egg fusion and the transient increase in Ca2' by G-proteindependent release of Ca2+ from intracellular stores, including evidence for inositol phospholipid metabolism (8) (9) (10) and egg activation by injection of guanine nucleotide analogs (11) (12) (13) .
Substrates for G-protein activators, cholera and pertussis toxins, are associated with the egg plasma membrane and injection of preactivated cholera toxin activated the eggs (14) . Furthermore, microinjection of IP3 triggered intracellular Ca2+ release (15, 16) and activated events associated with the fertilization response (11, 17) . (27) . In the experiments described here, we have attempted to further characterize the transient increase in Ca2' during fertilization by comparing the heparin sensitivity of Ca2+ release during microinjection of IP3, egg activation with GTP[yS], and fertilization. These experiments suggest that both IP3-dependent and -independent release of Ca2+ from separate intracellular stores contribute to the transient increase in Ca2+ during fertilization.
MATERIALS AND METHODS
Gametes and Solutions. Eggs and sperm of the sea urchin Lytechinuspictus were obtained by injection of0.5 M KCI into the coelomic cavity. The sea urchins were purchased from Pacific Biomarine Laboratories (Venice, CA) and Marinus (Long Beach, CA), and were maintained in Instant Ocean culture with biweekly feedings of Macrocystis. The sperm were collected dry and stored at 4°C. The eggs were shed into artificial seawater (ASW) of the following composition: 470 mM NaCl, 10 mM KCl, 11 mM CaC12, 29 mM MgSO4, 27 mM MgCI2, 5 mM NaHCO3 (pH 8). The jelly coats were removed from the eggs by several passages through fine-mesh silk and were washed twice in ASW. Eggs were kept in suspension by constant stirring at 60 rpm at 16-18°C until use within 4 hr of shedding. For insemination, :"0.1 ml of freshly diluted sperm at 107 sperm per ml was placed 5-10 mm from the egg. Some experiments used low Ca2' ASW, which was made by mixing ASW and Ca2+-free ASW of the following composition: 488 mM NaCl, 10 mM KC1, 29 [Ca2+], of injected eggs was continuously monitored by the ratio of fluorescent emission at 530 nm to the 340/380 ratio for fura-2-loaded eggs (28) or fluorescent emission at 530 nm to excitation at 490 nm for fluo-3-loaded eggs (29) . A Nikon Diaphot inverted microscope was used for microinjection of the eggs and in data collection. The excitation light source was a 75-W xenon lamp with a neutral density filter to prevent photobleaching. Excitation filters for BCECF-dextran, fluo-3, and fura-2 were 440 DF10, 490 DF10, and 340 DF11 and 380 DF13 bandpass filters (Omega Optical, Brattleboro, VT), respectively. The excitation filters were mounted on a rotating filter spinner driven by a stepper motor (model M063-L509, Superior Electric, Bristol, CT). Fluorescence from the egg was collected by an Olympus D plan Apo 20XUV Fluor objective (NA 0.7), was passed through a 535 DF10 bandpass filter, and impinged on a piotomultiplier tube (model 9524B, Thorn EMI, Fairfield, NJ), with the aperture set to the diameter of the egg. Data collection, data processing, and stepper motor control were run on an 80286 computer with UMANS software (written by C. M. Regan, Urbana, IL). The 340/380 ratio for fura-2 was collected at 2 Hz and calibrated by determining (Fig. 1D) , the estimated concentration of heparin was in excess of 50 ,uM. On the other hand, in three of four experiments, when microinjection with 50 ,uM IP3 resulted in Ca2+ release (Fig.   1C ), the eggs contained <50 ,uM heparin.
To test the possibility that fertilization can release Ca2+ independent of IP3, heparin-inhibited eggs were fertilized. We observed in all cases that eggs, which did not activate with IP3 injection, released Ca2+ during fertilization ( Fig. 1 D and E). The transient increase in [Ca2+] , was similar to that recorded during control fertilization experiments, which has been reported (28) . This suggested that either Ca2' release during fertilization could be IP3 independent or more than 20-100 ,uM IP3 is generated during fertilization. Since the estimated maximal production of IP3 during fertilization is 6-10 ,M (13), IP3-independent Ca2+ release appears to occur during fertilization. (Fig. 2C) . The kinetics were similar to control fertilization recordings with a peak fluorescence ratio of 2.92 ± 1.0 (n = 9), R,1,2 of 10 sec and F,1,2 of 2.6 min ( Table 1) (Table 1 ). Since 0.5 mM external Ca2+ only reduced the electrochemical gradient by 20%, we tried some experiments to circumvent the presence of any external Ca2+ by using sperm after the acrosome reaction. Unfortunately, L. pictus fertilization in Ca2+-free condition occurs at a very low percentage (7); however, we did on occasion observe fertilization envelope elevation of eggs that had been preloaded with heparin.
GTP[yS] Activates
Fertilization Releases Both IP3-Dependent and -Independent (15, 16, 20, 34, 35) . Similar to other cell systems (24, 25, 32, 36) , the IP3-dependent release of Ca2+ in whole eggs is sensitive to low molecular weight heparin. This observation extends an earlier report of heparin inhibition of IP3-mediated Ca2+ release from sea urchin egg homogenates (21) and a reduction of the sensitivity of heparin-loaded eggs to IP3 (27) . We observed heparin inhibition to be directly dependent on IP3 concentration at the site of injection (1P3 concentration in the microelectrode), which suggested hep- arin action as a competitive inhibitor of IP3 binding to its receptor (24, 25 (27) . Maximal production of IP3
in the egg if all the phosphatidylinositol 4,5-bisphosphate was hydrolyzed abruptly would be 6-10 ,uM (13) , such that it appeared heparin inhibition of Ca2' release by GTP[-yS] was through heparin inhibition of IP3 produced by G-proteindependent hydrolysis of inositol phospholipids.
Release of an intracellular IP3-independent Ca2+ store during fertilization is suggested by a transient increase in
[Ca2 ]i during fertilization of eggs preloaded with 20-100 AM heparin. This increase appeared to be independent of Ca2+ influx and could be elicited in eggs previously activated with GTP[yS] or IP3. Fertilization of heparin-injected eggs is often polyspermic (27) and especially in the case of GTP[yS]-activated eggs, which do not have fertilization envelope elevation, it may be possible that enough IP3, was introduced by the sperm to overcome the heparin block. This possibility is most unlikely since a transient increase in Ca2+ has been reported during monospermic fertilization of heparininjected eggs (27) . Furthermore, if a typical postacrosome reaction sperm contains =4 x 10-18 mol of IP3 (37) , then a typical egg vol of 700 pi would require nearly 175 sperm fusions to elevate the egg IP3 concentration by 1 luM. Such high sperm fusions were never observed.
Multiple intracellular Ca2+ stores in sea urchin eggs had been suggested previously (23) . Hypertonic treatment of fertilized eggs induced a second transient increase in [Ca2+ i.
On the other hand, treatments with the nonelectrolyte urea or ionophore A23187, which released Ca2+ from unfertilized eggs, failed to induce a second transient after fertilization. A common Ca2+ store with multiple receptors for release has also been suggested by induction of Ca2+ release in sea urchin egg homogenates by IP3 and cyclic ADP ribose (21) . Our observations from the double activation experiments suggested that IP3-independent release is from a different intracellular store than the IP3-dependent store. If the two stores were the same with multiple receptors for release, we would have expected severe attenuation of the transient increase in
[Ca2]j, (21, 23) during fertilization, which immediately followed a GTP[yS]-mediated increase in Ca2+. As expected, fertilization also released the IP3-dependent Ca2+ store. Since a transient increase in [Ca2+] occurs in heparin-loaded eggs during fertilization, it appears that IP3-independent Ca2+ release mediates IP3 production (18) rather than sperm receptor coupling to inositol phospholipid hydrolysis through a G protein (12) . In agreement with observations of others (20, 23, 34) 
